All-optical control of the spontaneous emission of quantum dots 
using coupled-cavity quantum electrodynamics 
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We demonstrate the remote all-optical control of the spontaneous emission (SE) of quantum dots 
using coupled photonic crystal cavities. By spectrally tuning a Fabry-Perot cavity in resonance 
with a target cavity, the quality factor and the local density of states experienced by emitters in 
the target cavity are modified, leading to a change in the SE rate. From the theoretical analysis 
of the coupled-cavity quantum electrodynamics system, the SE rate change can be higher than the 
quality factor change due to a reduction of the vacuum field at the emitter's position when the two 
cavities are brought in resonance. Both the weak and strong coupling regimes of two cavities have 
been observed experimentally and the SE decay rate has been modified by more than a factor of 
three with remote optical control. 



Photonic crystal (PhC) cavities with a small mode vol- 
ume and a high quality factor (Q-factor) represent an 
ideal experimental platform for solid-state cavity quan- 
tum electrodynamics (CQED) P, 0]. Semiconductor 
quantum dots (QDs), precisely positioned inside PhC 
cavities, are anticipated to serve as scalable quantum 
emitters and nodes for future quantum information pro- 
cessing and quantum computing systems 0, 0j- In an 
ideal quantum node, quantum information should be 
stored in the charge or spin degree of freedom of a solid- 
state quantum system, and then released to a photonic 
channel, e.g. by spontaneous emission (SE). The SE rate 
and its coupling efficiency to a given optical mode can be 
greatly enhanced by controlling the local density of states 
(LDOS) at the emitter's position using a wavelength- 
sized, low- loss cavity [!, In order to control the 
timing of the emission process, a procedure is needed 
to switch the emitter-cavity coupling on and off on the 
pico-second (ps) time scale. An attractive approach is 
the ultrafast control of the cavity characteristics, lead- 
ing to a dynamic modulation of the LDOS and therefore 
of the SE rate. The dynamic tuning of the Q-factor re- 
cently demonstrated in silicon-based PhC cavities is an 
example of such ultrafast cavity modulation techniques 
However, their application to CQED requires a re- 
mote control scheme which produces large changes in the 
LDOS but does not affect the emitter-cavity interaction 
by a local perturbation. A static and quasi-permanent 
change of the Q-factor and of the emission intensity of 
QDs was recently demonstrated by producing a struc- 
tural modification in the vicinity of the cavity [t| . The 
coupled-cavity quantum electrodynamics (CCQED) plat- 
form proposed by Hughes [To| is an interesting candidate 
for the control of the SE rate: When two distant cav- 



ities are optically coupled, modifications to one cavity 
affect the coupled modes and therefore the LDOS seen 
by an emitter in the other cavity. Several demonstra- 
tions of strong co upling between PhC cavities have been 
reported recently [Ill4l3j . In this work we report the ex- 
perimental observation of the controlled and reversible 
modification of the SE rate in a "target" cavity by tuning 
the properties of a remote "control" cavity. The tuning is 
implemented using thermo-optic effects, but the concept 
is readily extendable to the ps time scale by using free- 
carrier injection, opening the way to the dynamic control 
of SE in solid-state cavities. 

Fig. [U (a) shows an ideal atom-cavity scheme where 
one of the cavity mirrors is replaced by a Fabry-Perot 
(FP) etalon. The FP cavity mode has a periodic mode 
structure sketched in Fig. [1] (b) and it is assumed to have 
a lower Q-factor compared to the target cavity mode. 
By adjusting the length of the FP cavity or modulating 
the refractive index of the media inside it, the set of FP 
modes can be spectrally tuned with respect to the target 
cavity mode. At resonance the coupling causes an addi- 
tional leakage for the optical field confined in the target 
cavity resulting in a reduction of the Q-factor. The SE 
rate of an emitter in the target cavity can be controlled 
non-locally by adjusting the resonant condition. 

The SE enhancement of a two-level system in a cavity 
mode is typically described in perturbation theory by the 
Purcell factor F, 0, E3] 



f -M^ Q|E(r ° )|2 



(i) 



'Electronic mail: c.jin@tue.nl 

t These two authors contributed equally to this work 



where A is the cavity wavelength, n r is the refractive 
index, Q is the Q-factor of the cavity mode and E(r ) is 
the normalized mode function at the dipole position ro. 
The SE enhancement is therefore governed by the change 
in Q-factor and in the mode function distribution. 
The presented system can be described by a three- 



oscillator model including the dipole, the target cavity, 
the FP cavity, and the coupling terms between them. 
The dressed states of the system can be obtained by di- 
agonalizing the non-Hermitian Hamiltonian 15] 
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where ljq, Lo t and ujpp denote the angular frequencies 
of the dipole, the target cavity mode and the FP cavity 
mode, and r\ is the coupling rate between the two cavities. 
The coupling rate between the dipole and the target cav- 
ity is described by g, and weak coupling (g <C Kt, Kpp) is 
assumed for the following theory and experiments. The 
dipole is placed in the target cavity and thus is spatially 
decoupled from the FP modes. We first solve the subsys- 
tem of coupled cavities, which yields the eigenvalues 
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The effect of wavelength detuning A c — Xpp on the Q 
factor of the coupled cavity modes is illustrated in Fig. 
[1] (c) . By tuning a low Q cavity mode through a high Q 
target cavity mode a significant change in the imaginary 
parts of the coupled eigenfrequencies Im(wi j2 ) hence in 
the Q-factor can be observed at the crossing point. 

Transforming the matrix ([2]) into the basis of the cou- 
pled cavity modes in Eq. [3] yields 



H' 



The normalized mode functions, Ei.2(r), of the coupled- 
cavity system are mixtures of the eigenfunctions of the 
initial cavity modes, Ei i2 (r) = ai :2 E t (r) + /3i j2 Ep p(r), 
where ot\ = /3 2 = a, a 2 = —fii — /3, and \a\ + \/3\ =1. 
Consequently, the coupling constants between the dipole 
and the new eigenmodes are weighted by their target cav- 
ity fraction due to the positioning of the dipole. Because 
of the mode coupling, the mode distribution of the state 
w\ becomes increasingly delocalized for decreasing de- 
tuning, leading to a reduction of the vacuum field at the 
dipole's position. This effect can be intuitively inter- 
preted as a change of the effective mode volume due to 
the field derealization. 

The modulation of the Q-factors and of the coupling 
constants will affect the dynamics of the dipole-cavity in- 
teraction. For instance in the case that the two coupled 
cavities are in the strong coupling regime (?) > k c , kfp), 



Control (FP) cavity 

7 \1 VI 




Optical wavelength 




-1.0 1.0 
Detuning (nm) 



(d) 

10 






n 






~| 5 

a 


/ 












10 



12 3 4 



FIG. 1: (a) A schematic picture of a CCQED system. An 
emitter is placed in the target cavity with a higher Q- 
factor. A control cavity (FP cavity) which has periodic modes 
with lower Q-factors is optically coupled to the target cavity 
through a semitransparent mirror, (b) By controlling the ef- 
fective cavity length of the FP cavity, FP modes can be tuned 
in resonance with the target cavity mode, (c) Calculated Q- 
factors for the coupled modes in the strong coupling regime 
as a function of the wavelength detuning between the original 
cavity modes, (d) Calculated Q-factor change (green curves) 
and the SE rate change (red curves) as a function of the nor- 
malized coupling strength. Dashed curves are for the ideal 
case of a single FP mode and solid curves take into account 
multiple FP modes. 



due to the energy splitting a narrow dipole will inter- 
act with only one of the two eigenmodes, leading to 

Fi = I a 1 2 — i Ft = - — Ft when the two cavities are 

1 1 Qt 2Q t 
resonant. It follows that the Purcell factor is not only 

affected by the Q-change but also reduced by a factor 
of two due to the mode derealization. In contrast, 
in the weak coupling case (77 <^ k c ,kfp), the SE en- 
hancement has contributions from both coupled modes 

F - M 2 TT F t + l/?| 2 7T F u which yields F = F f in the 

Qt Qt 
case of Q2 — Qi- 

Fig. Q] (d) presents simulation results for the CC- 
QED system using matrix ([2]) [lfj. The ratio between 
the initially uncoupled Q-factor and the Q-factor at res- 
onance, Qhigh/Qres, is plotted as a function of the cou- 
pling strength divided by the FP cavity loss, r\jnpp. 
The corresponding SE decay rate ratio, ^high/ires of the 
dipole as a function of the coupling strength is also plot- 
ted. While in the weak coupling regime the SE enhance- 
ment follows the change in the Q-factor, in the strong 
coupling regime the SE enhancement is a factor of two 
different from the Q-change as discussed above. In a re- 
alistic system, the FP cavity shows multiple and equally 
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FIG. 2: (a) A SEM image of the fabricated PhC cavities. 
Three blue-shadowed squares indicate the barriers of waveg- 
uide cavities, (b) Simulated electrical field (y-polarized, E y ) 
distribution between two cavities when they are out of reso- 
nance (top) and in resonance (bottom), (c) /iPL spectra of 
CCQED system when focusing the excitation beam on the 
target cavity (red) and FP cavity (green). 



spaced resonances and the target cavity mode can cou- 
ple to more than one FP mode simultaneously in case 
of high coupling strength, which modifies the Q-factor 
change and the SE change of the dipole, as shown by the 
green and red solid curves in Fig. (Hd). 

In the experiment, our platform for the CCQED is 
based on PhC cavities using QDs as the emitter. Cavities 
were realized within a hexagonal PhC lattice fabricated 
in an InGaAsP membrane which contains a single layer 
of self- assembled InAs QDs with a dot density around 
2 x 10 9 cm~ 2 . The QD ensemble gives a broad emission 
centered at 1570nm [17]. Fig. [2] (a) shows the scan- 
ning electron microscope (SEM) image of the fabricated 
structure based on two local defects along a Wl PhC 
waveguide. The target cavity is constituted by a high-Q 
double-heterostructure (DHS) cavity [l8[ with two peri- 
ods of the lattice constant slightly larger than the original 
lattice constant, ci\ = 1.03 x ao. The FP cavity consists 
of eighty periods of modulated lattice constant (0,2 = ai). 
Fig. [5] (b) presents the simulated electric field distribu- 
tion based on 3D FDTD method '19]. A leakage from the 
target cavity to the FP cavity can be clearly observed 
when the two cavities are in resonance. The measure- 
ments were performed in a confocal microscope at a tem- 
perature of 77 K, in order to reduce the influence from the 
non-radiative recombination and the homogenous broad- 
ening of QDs, while allowing the thermo-optic tuning of 
the PhC cavity [2(j. A diode laser emitting at 780 nm 
was used for exciting the cavity and the /iPL singnal col- 
lected by the objective is measured with a spectrometer 
and an InGaAs array. Fig. [5Jc) shows two typical /iPL 
spectra taken from single-beam measurements by focus- 
ing the laser beam on either the target or FP cavity. The 



FP cavity has a quasi-periodic mode structure, which is 
governed by the modified dispersion relation close to the 
slow- light frequency of the PhC waveguide [21 1 . 
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FIG. 3: (a) Weak and (b) strong coupling between two PhC 
cavities in a single-beam measurement on the target cavity. 
The continuous black lines are fits based on the coupled mode 
theory. 

Firstly, single-beam measurements have been per- 
formed with one laser beam focused on the target cavity 
and the signal collected from the same position. By in- 
creasing the laser power, a red shift of the target cavity 
mode due to thermo-optic tuning is observed with only 
a small shift of FP modes caused by heat diffusion [l3j . 
Fig. EJa) shows a weak coupling case in a PhC with 4.5- 
period barrier between two cavities and 20-period barri- 
ers on the two sides. The main panel in Fig. |3{a) shows 
the spectral map with normalized intensities for various 
detunings, while the two small plots present the cavity 
mode wavelength and Q-factor as functions of the wave- 
length detuning. It exhibits a clear crossing of two cou- 
pled modes and indicates the weak coupling regime. The 
Q-factor of the target cavity decreases down from 13800 
to 6500 and then increases again to 15100, whilst the Q- 
factor of the FP cavity increases slightly from 4000 to 
4900 and then decreases to 3500. By fitting the crossing 
behavior of two coupled modes using Eq. [31 as shown by 
the black lines, we extract the parameters Qt = 1.5 x 10 4 , 
Qfp = 4 x 10 3 , and rj = 0.8 x k fp . Fig. ^b) ex- 
hibits a different situation where the barrier thickness 
between two cavities is reduced to 4 periods. In this case, 
two coupled modes shows anti-crossing, which indicates 
the strong coupling regime. The Q-factor of the mode 
at shorter (longer) wavelength varies from 8500 to 1800 
(from 2600 to 8500), respectively. Numerical fitting re- 
veals Q t = 1.1 x 10 4 , Qfp — 2.5 x 10 3 , and r\ = 1.1 x upp. 

Two-beam measurements have been carried out to 
demonstrate the remote control of both Q-factor and SE 
rate with one pulsed laser beam (A = 750nm, pulse width 
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FIG. 4: Remote control of the Q factor and SE rate using two 
beam measurement for a weak coupling case (a-c) and a strong 
coupling case (d-f). (a) and (d). //PL spectra measured at 
different wavelength detuning, (b) and (e). SE decay curves 
at different wavelength detuning. The grey curve is the SE 
decay from QDs in the bulk, (c) and (f). The decay time and 
Q-factor at the high-Q mode as a function of the wavelength 
detuning. The dashed curves are simulations based on the 
coupled mode theory. 



target cavity is 0.5 ns and 1.5 ns when two weakly cou- 
pled modes are off-resonance and in resonance, respec- 
tively. The strong coupling case has been also studied as 
shown in Fig. BJd)-(f). The SE decay time is 1.4 and 2.2 
ns for the high-Q mode, when two cavity modes are out 
of and in resonance, respectively. 

To fit the experimental decay times we use the ex- 
pression j exp — 7*^° r + Heak , where 7*^° r ^ the total 
emission rate into the two coupled modes calculated from 
diagonalizing the matrix ([2]), while 7/ ea fc = (3.1ns) _1 is 
the emission rate into the out-of-plane leaky modes which 
is measured from the decay time of QDs in the PhC mir- 
ror region. The global fit as shown by the dashed curves 
in Fig. @|c) and (f) closely matches the experimental re- 
sults, rj/npp = 0.95 and 1.40 can be identified for the 
weak and strong coupling, respectively. Both are close 
to the transition regime defined by rj/npp = 1. The 
measured decay rate into the cavity modes changes by 
a factor of 3.7 while the Q factor changes by a factor of 
2.1 in the weak coupling regime. In the strong coupling 
case the cavity decay rate changes by a factor of 2.7 while 
the Q factor changes by a factor of 1.6. Both cases con- 
firm that in case rj/npp > 0.5 the SE rate change can be 
higher than the Q-factor change. 

In summary, we have demonstrated the real-time, re- 
mote all-optical control of the SE rate by more than a 
factor of three in a coupled PhC cavity system where 
the control beam is separated more than 20 /im from the 
target cavity. The results have been interpreted in the 
framework of CCQED, showing that the SE rate is af- 
fected by the change in both the Q-factor and the mode 
volume. These results open the way to the ultrafast con- 
trol of the QD-cavity interaction by replacing the thermo- 
optic tuning with free-carrier injection on the ps time 
scale. 



100 ps) focused on the target cavity and a CW heating 
laser beam focused at the center of the FP cavity, which 
is tilted slightly of the optical axis of the objective lens 
in order to position it at a distance of a few tens of mi- 
crometers from the other beam. Fig. SJa) presents the 
spectra with weakly-coupled cavities at different pump 
powers of the tuning laser. The decay time of QDs res- 
onant with the high-Q coupled mode has been measured 
by time-correlated single photon counting with a super- 
conducting single photon detector 22j, using a narrow 
bandpass filter (AA = 0.5nm). Fig. |4|b) shows the 
SE decay at the high-Q mode frequency with different 
wavelength detunings between the cavities and the decay 
of the QD emission in the bulk (outside the PhC), in a 
A A = 20nm bandwidth, as a reference (grey curve). By 
fitting the initial part of the curve with an exponential 
decay function, the spontaneous emission lifetime modu- 
lated by PhCs is obtained, while the slow decay compo- 
nent is attributed to dark excitons 23j . Compared to the 
2.5 ns decay time of the QD emission, the decay time at 
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